The existing River Water Quality Model No. 1 (RWQM1) was extended with processes determining the fate of non-volatile pesticides in the water phase and sediments. The exchange of pesticides between the water column and the sediment is described by three transport processes: diffusion, sedimentation and resuspension. Burial of sediments is also included. The modified model was used to simulate the concentrations of diuron and chloridazon in the river Nil. A good agreement was found between the simulated pesticide concentrations and measured values resulting from a four-month intensive monitoring campaign. The simulation results indicate that pesticide concentrations in the bulk water are not sensitive to the selected biochemical model parameters. It seems that these concentrations are mainly determined by the imposed upstream concentrations, run-off and direct losses. The high concentrations in the bulk water were not observed in the sediment pore water due to a limited exchange between the water column and the sediment. According to a sensitivity analysis, the observed pesticide concentrations are highly sensitive to the diffusion and sorption coefficients. Therefore, model users should determine these parameters with accuracy in order to reduce the degree of uncertainty in their results.
INTRODUCTION
Pesticides are of concern to water quality managers and environmental risk regulators to maintain and achieve a good water quality status. From this perspective, dynamic models can form suitable instruments for risk assessment and can help to gain insight into the most important processes determining the fate of pesticides. When pesticides enter an aquatic environment, they are exposed to different physical, chemical and microbial processes. Two processes which have a major impact on the fate of pesticides are the sorption-desorption processes and biodegradation. Both are strongly influenced by the presence of a sediment layer (Warren et al. ) .
The final destination of pesticides in rivers is strongly determined by their sorption behaviour. For hydrophobic organic substances and for soils and sediments with a total organic carbon content higher than 0.1%, it is proven that the content of natural organic carbon is the dominant sorbent ( 
MATERIAL AND METHODS

Study site and pesticides
In this study the model is applied for the 'Nil', a small, hilly basin situated in the central part of Belgium ( Figure 1 Two pesticides applied in the Nil catchment were selected to be studied in more detail: chloridazon and diuron. Chloridazon is used as a specific herbicide to protect sugar beat, while diuron is a general herbicide which is even used for domestic use. These pesticides were selected among others, because the legislature had decided not to forbid their use in the near future. In addition, diruon and chloridazon have clearly different characteristics. Chloridazon contains a pyridazinone compound and is rather hydrophilic, while diuron belongs to the phenyl urea herbicides group and is rather hydrophobic (Table 1) . Due to their different properties, their fate in the river is expected to be different.
Monitoring campaign
An intensive monitoring campaign was run during spring 
MODEL DESCRIPTION
The main purpose of the developed model was to describe the fate of pesticides in both the bulk water and the sediment 
Concept of the 'pesticides fate' submodel
The 'pesticides fate' submodel describes the distribution of pesticides between the bulk water and the sediment. Each CSTR is subsequently subdivided into two compartments which represent the bulk water phase and the sediment phase. Water and pesticides can be exchanged between those two compartments. In each compartment several processes are taking place which determines the fate of the pesticides (Figure 3 ).
Extension of a simplified version of RWQM1
This submodel is an extension of a simplified version of the Trickling filters are wastewater treatment plants used to purify water and are always performing under optimal conditions concerning nutrients and oxygen. In a river sediment those optimal conditions almost never appear; hence this approach of CHETOX1 was not followed.
In our study the sediment is approached in a different way. The sediment is seen as a physically separate compartment from the bulk water which contains all the state variables considered in the simplified RWQM1 model (Table 2 ). The soluble components (components with an S in Table 2 ) are assumed to be dissolved in the bulk water or pore water of the water and sediment compartment, respectively. The insoluble components (components with an X in Table 2 ) of the water compartment represent the suspended load, while they represent the bed load in the sediment compartment. In this case, biodegradation was determined not only by the first-order degradation constant, but also by the environmental conditions such as oxygen and the activity of the heterotrophic biomass (Table 3, component 14) .
Mass balance
The simplified RWQM1 ( processes are neglected for both pesticides since their Henry coefficient is low (Tomlin ) and they are stable pesticides (Tomlin ; ARSUSDA ), respectively.
Furthermore it is assumed that the sorption equilibrium is reached very quickly, hence the use of a partition coefficient is acceptable.
The mass balances for the pesticide concentrations are as follows: 
where S GC and S GC,bed are the total-dissolved and sorbedpesticide concentration in, respectively, the bulk water and the sediment (mg L À1 ); k b , k sed , k res and k burial are the firstorder rate constants for respectively biodegradation, sedimentation, resuspension and burial (d À1 ); f p and f p,bed are the pesticide fractions sorbed on suspended and benthic POC (-), respectively; K L,GC is the mass transfer coefficient which describes the diffusion of the pesticide from sediment indicates a positive stoichiometric coefficient, 'À' a negative coefficient, '?' and '(þ)' indicates a coefficient of which the sign depends on the composition of the organic substances involved in the processes. For '(þ)' the composition should be chosen in such a way the coefficient is positive The biodegradation process for pesticides is typically described according to first-order kinetics (Hamaker ;
Wu & Nofziger ) with temperature-dependent rates:
The exponential term in the above equation the mass of particles that settles is calculated on the basis of the outflowing flux of bulk water:
where f sed is the fraction of particles that can settle on the basis of their hydraulic retention time and their sedimentation velocity (-); τ b is the shear stress at the bottom of the river (N m À2 ); τ crit,sed is the critical shear stress above which no sedimentation can occur because of turbulence (0.05 N m À2 ); θ H is the hydraulic retention time of the bulk water compartment (d À1 ); v s is the sedimentation velocity (m d À1 ); ρ w and ρ are the density of water and particles (kg/m 3 ); f c is the friction factor (-); v is the velocity in the bulk water compartment (m/s); d X is the diameter of the particles (m); μ is the kinematic viscosity at mean temperature (T W ) and g is the universal gravitational constant (m/d 2 ). As shown in Equations (11) and (12) . It is assumed that resuspension only occurs when the turbulence is higher than a certain value:
with E 0 the erodibility constant (g m À2 d À1 ); τ crit,res the critical shear stress above which resuspension occurs (0.1 N m À2 );
M POC,bed the mass of particles which are in the sediment compartment at a certain time and which is calculated as S POC,bed · V bed (g) and τ b is the shear stress at the bottom of the river (N m À2 ) and is calculated as in Equation (13).
The burial process is introduced to create a gradient in the sediment layer. When settled material accumulates on the river bottom, the sediment-water interface is advecting upward and the active layer also moves accordingly.
Although the deep sediments under the active layer do not actually move, their distance from the sediment-water interface increases. It is reasonable to conceptualize this process to be a burial process, namely the interface is static and the deeper inactive layers are moving downward (Wang et al. ) . In the developed model, the sediment consists of three sediment layers: the first two have a maximum thickness and the last one, the deepest layer, is a sink layer with unlimited thickness. The burial rate constant, k burial (d À1 ), is set proportional to the settling velocity, v s (Equation (16)):
where d is the thickness of the layer and d max is the maximum thickness of the layer. Between the different sediment layers there is only exchange of material by diffusion and burial.
INITIAL AND BOUNDARY CONDITIONS Boundary conditions
The calibrated SWAT model ( (Table 4 ). For each sub-catchment the initial amount of water and sediment was calculated according to their morphological parameters and assuming a sediment porosity of 58% (v/v), which was experimentally determined.
The initial values of the state variables (Table 2) bulk water. To get the overall exchange between bulk and sediment, the equilibrium is calculated between the diffusion from the bulk water to the sediment and the diffusion in the opposite direction, namely from the sediment to the bulk water.
SENSITIVITY ANALYSIS
In order to gain insight into the parameter sensitivity of the developed model, a sensitivity analysis was performed with the WEST ® software. In this way, model parameters that have significant influence on the modelling results can be identified. Uncertainty in influential parameters propagates into uncertainty in the output results while non-influential parameters are of minor importance in this aspect. This information is useful for model users as it tells which parameters should be investigated with the most accuracy.
In this study, the sensitivity S of a variable R to a parameter P is defined as follows: S ¼ ΔR=R j j= ΔP=P j j. Note that, as R is a dynamic variable, the sensitivity is also a function of time. The sensitivity analysis was performed for 13 parameters that may have an influence on the fate of pesticides in a river system (Table 5) . Each parameter has a certain range of variation, as the exact value is, in most cases, not known or is not determined in the field. The ranges of variation of the parameters in this study are based on the literature and on values observed in the 
RESULTS AND DISCUSSION
Results of the monitoring campaign 
Simulated values versus measured values
This section verifies whether the simulation results approximate the measured pesticide concentrations. The parameter values in the model were taken from the literature. Hence, no automatic calibration was performed to reach the results presented in Figure 3 and Table 6 . However, when a range of literature values was available a manual calibration was performed to select the best parameter values.
The measured pesticide concentrations in the bulk water at the closing section are compared with the simulated values in Figure 7 . At several times (three times for chloridazon and two times for diuron) there was, for a very brief moment, a major overshoot of the measured pesticide concentration. It appears that the simulated concentrations approximate the measured concentrations well for diuron (r ¼ 0.521, SSE ¼ 1.3 × 10 À5 ) and less well for chloridazon (r ¼ 0.382, SSE ¼ 7 × 10 À4 ).
This discrepancy between chloridazon and diuron can be explained by the differences in the amount of point losses and run-offs which occurred in spring 2004 along the considered river section. From Figure 6 it is clear that the amount of point losses and run-off for chloridazon was much higher than for diuron. There were no data available concerning application doses, dates and point losses, so the pesticides input caused by run-off, groundwater flow and tributaries could not be accurately estimated from the SWAT model (cf. the section on boundary conditions). Due to the larger amount of point losses for chloridazon, more estimations had to be made for this pesticide. Therefore, it is reasonable to assume that the accuracy of the input data for chloridazon is lower than for diuron. Furthermore, it needs to be In Model-based analysis of pesticide fate in the Nil catchment
The developed model gives the opportunity to study the distribution of pesticides between bulk water and sediment in time and space. Such a distribution is shown in Figure 8 , showing the simulated pesticide concentration in the bulk water and in the pore water at the mouth of the river Nil. At the beginning of the monitoring period the chloridazon concentration is higher than the diuron concentration, while at the end of the monitoring period it is just the opposite (Figure 8 ). This difference is probably caused by the different application periods.
The application period of chloridazon lasts from March till
April, so it is ended during the simulated period, while for diuron the application period has started up during the simulated period, as it is mainly used from April till July. The profile in Figure 8 shows that the diuron concentrations in the pore water are always lower than the concentrations in the bulk water, while for chloridazon this is not always true.
In addition, the shape of the profile is quite different. In the bulk water the pesticide concentrations vary rapidly from very high to very low values. In contrast, the concentration profile in pore water shows a tailed behaviour, i.e. the concentrations do not vary as much as in the bulk water and maintain elevated levels much longer. For chloridazon this results in a higher concentration in the pore water compared to that in the bulk water at the end of the simulation period (Figure 8(a) ). At that moment desorption processes take place in the sediment which gradually release the pesticides attached to the sediment particles into the pore water. the bulk and pore water the chloridazon concentration is higher than the diuron concentration.
Sensitivity analysis
Regarding the 5th, 50th and 95th percentiles of the simulated concentrations for chloridazon and diuron in the bulk water at the mouth (data not shown), it could be concluded that pesticide predictions in the bulk water are not sensitive to the studied parameters. It seems that concentrations in the bulk water are mainly determined by input data rather than by processes in the river system. Figure 10 illustrates the variability in the model results for the pore water and particle concentrations for diuron at the mouth of the river. These concentrations are much more influenced by the studied parameters than the concentrations in the bulk water. The results for diuron and chloridazon upstream were similar (not shown).
In Figure 11 the sensitivity S of the three output variables to the seven most influential parameters P is visualized. This figure shows that the diffusion coefficient K L,GC is by far the most sensitive parameter for the bulk water concentrations.
For the concentrations on the sediment particles, K OC is the most influential parameter for diuron, whereas for chloridazon it is the diffusion coefficient K L,GC closely followed by K OC . As the model predictions for concentrations on particles are influential, it means that the values for these parameters should be assessed with the utmost accuracy to reduce the degree of uncertainty in the results. The importance of a good estimation of the K OC parameter could be expected, as it determines to a great extent the sorption of pesticides on particles. For the concentrations in the pore water, the parameters that are most influential for diuron are the particle size diameter (d x ) and the slope of the river stretch. For chloridazon it is K OC and K L,GC .
CONCLUSIONS
In conclusion, a simplified version of the RWQM1 model was successfully extended with the fate of pesticides. Figure 11 | Graphical representation of the sensitivity S for of the seven most influential parameters P for three output variables of the presented model. The definition of the different parameters can be found in Table 5 . A comparison between measured and simulated concentrations in the different compartments of a water-sediment system was performed. This comparison revealed that, in the bulk water compartment, the simulated concentrations underestimated the real concentrations, probably due to incomplete input data. In the sediment compartment the simulated and measured concentrations were of the same order of magnitude, which is a reasonable result, although it should be mentioned that this comparison for the sediment compartment is only preliminary. For a profound comparison more data should be collected.
In the bulk water the pesticide concentrations varied rapidly from high to low values, while the simulated pore water concentrations were much less dynamic. Model simulations showed a different behaviour between the two pesticides, mostly because of their different sorption property.
The sedimentation effect was observed to be much more pronounced for diuron, the most hydrophobic pesticide of the two. In addition, the amount of diuron sorbed to the sediment particles is much higher in comparison with chloridazon.
The model can be used to gain insight into the importance of different processes in a river. Therefore, it is important to feed the model with reliable pesticide input data. By means of a sensitivity analysis, it was shown that special attention should be given to the determination of the sorption coefficient K OC and the diffusion coefficient K L,GC . A good approximation of both parameters will reduce the uncertainty in the model results for the pore water and particle concentrations.
